Stripe rust, caused by the fungal pathogen Puccinia striiformis Westend., occurs on wheat, barley, rye, and more than 18 genera of grasses (30) . It is an economically important disease of wheat (Triticum aestivum L.) and barley (Hordeum vulgare L. emend. Bowden) in most regions of the world (35) . In the United States, stripe rust of wheat was first recognized in 1915 (21) and has caused widespread damages since 1960 (8) (9) (10) . The wheat stripe rust pathogen occasionally could occur on barley plants, but it never occurred at destructive intensities in fields of barley (6) . The first reported incident of severe barley stripe rust in the United States occurred in 1991 (32) . Barley stripe rust is now firmly established and destructive in western and south-central states and has been identified as an unique forma specialis (3, 6) , whereas wheat stripe rust has been more widely distributed in the United States (9) .
P. striiformis (referred to as P. glumarum) first was differentiated into formae speciales based on their distinct host range by Eriksson (12) . Stripe rust of wheat is caused by P. striiformis f. sp. tritici and stripe rust of barley by P. striiformis f. sp. hordei. Newton et al. (26) demonstrated that P. striiformis f. sp. tritici and P. striiformis f. sp. hordei differed in isozyme mobility for two enzymes on starch gels and in the banding pattern of doublestranded RNA (dsRNA) molecules on polyacrylamide gels, whereas isolates within a forma specialis were uniform in their isozyme mobility. Using random amplified polymorphic DNA, Chen et al. (6) demonstrated that the two formae speciales are clearly different but more closely related to each other than to P. striiformis f. sp. poae, which causes stripe rust on bluegrass. Although stripe rust had been found on barley plants in North America before P. striiformis f. sp. hordei spread to the region, the rust samples were identified as P. striiformis f. sp. tritici and never caused significant damage (6, 21) . Studies on virulence of the two formae speciales infecting wheat and barley revealed that they have overlapping host ranges. However, the damage caused by P. striiformis f. sp. tritici on barley was negligible (6) .
Most plant species are resistant to the majority of pathogens present in the environment. This type of resistance, initially considered to be pathogen nonspecific, is referred to as nonhost resistance. In contrast, resistance in plant genotypes within a plant species that is commonly susceptible to a pathogen is considered to be due to a gene-for-gene interaction in which pathogen factors that are products from avirulence (A) genes are recognized by the race-specific receptors that are products of resistance (R) genes (13) . In our genetic study of wheat resistance to the forma specialis P. striiformis f. sp. hordei, we identified a single dominant gene in Lemhi wheat for resistance to the barley stripe rust pathogen and mapped the gene to wheat chromosome 1B with resistance gene analog polymorphic (RGAP) markers (29) . The objectives of this study were to determine inheritance of barley resistance to P. striiformis f. sp. tritici, and to map barley genes conferring resistance to the wheat stripe rust pathogen using the RGAP technique and chromosome-specific microsatellite markers.
MATERIALS AND METHODS
Plant materials. Crosses were made in the greenhouse between spring barley cvs. Steptoe (CIho 15229) and Russell (PI 483127). Steptoe and Russell are susceptible to all races of P. striiformis f. sp. hordei identified so far in the United States, but Steptoe is resistant to most races and Russell is resistant to some races of P. striiformis f. sp. tritici (6) . Three crosses were made using different individual plants of each parent. Three to five F 1 seed from different crossed heads were planted in the greenhouse for making backcrosses and for selfing to produce F 2 seed. F 1 seed from each cross and F 2 seed from each F 1 plant were kept separately. Backcrosses were made from each parent using the F 1 plants as the female parent. F 2 seed were planted in the greenhouse for extracting DNA, testing for reaction to stripe rust, and producing seed of F 3 lines. Leaves of each parent and 150 individual F 2 plants were cut for DNA extraction and the plants were allowed to grow. F 3 seed harvested from the 150 individual F 2 plants were used for stripe rust tests.
Pathogen materials. Single-pustule isolates were obtained for races PST-41 and PST-45 of P. striiformis f. sp. tritici. Uredioniospores of the isolates were tested on the set of 20 wheat differential cultivars (9) to confirm the avirulent or virulent patterns of isolates. Among the 20 wheat genotypes that are used to differentiate races of P. striiformis f. sp. tritici, race PST-41 is virulent on four (Lemhi, Heines VII, Moro, and Tres) and PST-45 on five (Lemhi, Heines VII, Fielder, Tyee, and Hyak) of the genotypes (4, 6) . These two races were selected based on their virulence on Russell and avirulence on Steptoe. Pure uredioniospore isolates were increased on susceptible differential cultivars and used to evaluate for stripe rust resistance of the parents and progeny of the Steptoe × Russell cross.
Evaluation for stripe rust reaction. Standard methods for stripe rust testing in our lab as described by Chen and Line (2) were used in this study. Stripe rust reaction was evaluated on the 150 F 2 plants, from which DNA was extracted, by inoculating plants at the jointing stage with urediniospores of race PST-45. Seedling tests also were performed for parents, F 1 , BC 1 , and F 3 progeny using races PST-41 and PST-45. In all, 6 to 10 seedlings of each parent, 3 to 5 F 1 seedlings, 35 to 45 BC 1 seedlings, and 15 to 20 of each of the 150 F 3 lines were used for evaluating stripe rust resistance. All seedlings were grown in a rust-free greenhouse at a diurnal temperature cycle of 10 to 25°C. Metal halide lights were used before and after inoculation to maintain a 16-h photoperiod. Seedlings were uniformly inoculated with urediniospores of a test race mixed with talc (Sigma-Aldrich, St. Louis) at the two-leaf stage. Inoculated plants were placed in a dew chamber at 10°C for 24 h. Seedlings then were moved to a growth chamber at temperatures programmed to change gradually between a minimum of 2 to 5°C at 2:00 a.m. during the 8-h dark period and a maximum of 18 to 20°C at 2:00 p.m. during the 16-h light period (2) . Infection type (IT) data were recorded based on the 0-to-9 scale 18 to 21 days after inoculation (22) . Infection types 0 to 3, 4 to 6, and 7 to 9 were considered to be resistant, intermediate, and susceptible reactions, respectively.
DNA extraction and analysis. Fresh leaves (3 g) from individual F 2 plants and parental genotypes were ground in liquid nitrogen. DNA was extracted from the leaf powder following the protocol described by Riede and Anderson (31) . The extracted DNA was dissolved in 1× Tris-EDTA buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0), and stored at -20°C. DNA was quantified using the mini-gel method (24) and spectrophotometer (Smartspec 3000; Bio-Rad, Hercules, CA) and concentration was adjusted to 30 ng/µl. The previously described RGAP protocol (7, 34) was used in this study. Modifications to the reaction volume and ingredient amounts described by Yan et al. (39) were applied. Primers were designed based on conserved motifs of cloned resistance genes and synthesized by Operon (Alameda, CA). Polymerase chain reaction (PCR) amplification was performed in a DNA thermocycler (Perkin-Elmer, San Diego, CA) programmed for 5 min at 94°C for initial denaturation and 45 cycles each consisting of 1 min at 94°C, 1 min at 45°C, and 2 min at 72°C, followed by a final extension for 7 min at 72°C. A 2.5-min ramp time was used between the 94°C denaturation and the 45°C annealing steps. The fastest possible ramp was employed for all other temperature transitions.
The success of the amplification was checked by electrophoresing the PCR product in a 1% agarose gel. Formamide loading buffer (6 µl; 98% formamide, 10 mM EDTA [pH 8.0], 0.5% [wt/vol] bromophenol blue, and 0.5% [wt/vol] xylene cyanol) was added to the PCR product and mixed prior to loading (4 µl) the agarose gel.
Successfully amplified DNA fragments were separated in a 5% denaturing polyacrylamide gel (398 by 338 by 0.4 mm), prepared according to manufacturer specifications. Gel was allowed to polymerize for 2 h and was pre-run in 1× Tris-borate-EDTA buffer (90 mM Tris-borate, 2 mM EDTA [pH 8.0]) for 30 to 40 min at 1,600 V, until the gel temperature reached ≈50°C. PCR samples were denatured at 94°C for 3 min and 6 to 8 µl of the sample was loaded into the wells. The loaded gel was run at 1,350 V for 3 to 3.5 h, depending on the approximate size of the bands of interest. The gel was silver-stained according to the manufacturer's recommendation (Promega Corp., Madison, WI) and allowed to dry overnight at room temperature. Silver-sequence automatic processor compatible film (Promega Corp.) was used to produce a photograph of the gel.
Genomic DNA samples from Steptoe, Russell, and two DNA bulks of F 2 progeny were used for screening primers. The two DNA bulks consisted of equal amounts of DNA from 10 homozygous resistant and 10 homozygous susceptible F 2 plants that were confirmed by testing the F 3 progeny. Polymorphic RGAP bands specific to Steptoe and the resistant bulk were tested further in the F 2 population consisting of 150 progeny. The segregation data of RGAP markers consisting of bands that matched the phenotypic disease data and the disease data obtained from the F 2 population were used to estimate the genetic linkage between the RGAP markers and the potential resistance gene.
To associate the linkage group of the resistance locus with a barley chromosome, 14 microsatellite markers, 2 for each of the seven chromosomes (23), were tested with genomic DNA samples from Steptoe, Russell, and the F 2 progeny. The PCR reaction mixture was the same as for the RGAP markers described by Yan et al. (39) in a 15-µl volume, except that the reaction mixture contained 1 µl of plant DNA at 30 ng/µl and 1.5 µl of 25 mM MgCl 2 . PCR amplification was performed in a DNA thermocycler (Perkin Elmer, San Diego, CA) using the following PCR conditions. The PCR reaction consisted of 18 cycles of 94°C for 1 min of denaturing and 72°C for a 1-min extension. Annealing (30 s) temperatures gradually were decreased by 1°C every second cycle from 64 to 55°C. The PCR reaction also consisted of 30 additional cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min followed by a final extension at 72°C for 5 min.
Data analyses. To determine the goodness of fit of the observed compared with theoretical segregation ratios of the F 2 and F 3 progeny, χ 2 tests were used to determine the number of stripe rust resistance genes, inheritance of resistance, and relationships of genes for resistance to the two different races used in the study. Linkage analyses and map construction of RGAP markers and the resistance loci were performed using the computer program Mapmaker, version 3.0 (20) . A log of the likelihood ratio score of 3.0 and Kosambi's mapping function (19) were used to establish the linkage.
RESULTS
Phenotypic and genetic analyses. Both races PST-41 and PST-45 produced IT 0 on Steptoe and IT 8 on Russell. All F 1 plants had IT 0 in tests with both races. Of 150 F 2 plants from the Steptoe × Russell cross tested with race PST-45, 47 had IT 0, 73 had IT 1, 9 had IT 2, 3 had IT 7, and 18 had IT 8; none of the plants had IT 3, 4, 5, 6,  (Table 1) . These results confirm the presence of two genes acting epistatically for resistance in Steptoe, one dominant and one recessive gene for resistance to both races. Furthermore, there was no difference in reaction categories (homozygous resistant, segregating, and homozygous susceptible) for the F 3 lines inoculated with the two P. striiformis f. sp. tritici races ( Table 1 ). All eight F 3 lines that were susceptible to PST-45 also were susceptible to PST-41. Only one line that was resistant when tested with PST-45 was segregating when tested with PST-41, which might be due to the limited number of plants used in the tests. The χ 2 test (P = 0.39) of reaction categories in a two-gene model for the F 3 lines inoculated with races PST-41 and PST-45 (data not shown) indicate that the resistance for both races is controlled by the same genes. Reaction categories were analyzed in a three-gene model (P <
categories also were analyzed in a four-gene model (P < 0.001) to conclusively reject the presence of four genes involved in resistance (data not shown). Furthermore, evidence for this conclusion was provided by the fact that there were no F 3 lines with a resistant reaction to PST-41 that showed a susceptible reaction to PST-45. Similarly, there were no F 3 lines with a susceptible reaction to PST-41 that showed a resistant reaction to PST-45.
RGAP markers associated with resistance to P. striiformis f. sp. tritici races. In all, 390 primer pairs from 48 RGA primers were screened in pairs in bulk segregant analysis. Eleven primer pairs that produced 12 repeatable polymorphic bands that were present in Steptoe but absent in Russell and differentiated the resistant bulk from the susceptible bulk either by presence or absence or obvious band intensity difference were selected for cosegregation analysis using the 150 F 2 plants. All identified RGAP markers were dominant. The 11 primers that produced polymorphic bands linked to one of the resistance loci are shown in Table  2 . The fragment sizes and primer pairs of the 12 RGAP markers are shown in Table 3 . The banding pattern of a set of F 2 progeny screened with RGA primer pair PtoFen-AS/CLRR-For is shown in Figure 1 . The RGAP markers were linked to the resistance gene with a genetic distance ranging from 0.7 to 29.4 centimorgans (cM) (Fig. 2) .
Mapping the dominant resistance gene on barley chromosomes. Tests using the 14 microsatellite markers representing each arm of the seven barley chromosomes indicated that codominant marker HVM68 of ≈204 bp (primer pair HVM68-F: 5′-AGGACCGGATGTTCATAACG-3′ and HVM68-R: 5′-CAAATC-TTCCAGCGAGGCT-3′), which is associated with barley chromosome 4H (23) , was linked to the locus of the dominant resistance gene in Steptoe. The larger fragment (≈204 bp) was linked in coupling to the resistance allele in Steptoe. The two-point linkage analysis using computer program Mapmaker (version 3.0) (20) indicated that HVM68 was linked to the resistance allele at a distance of 11.6 cM. The microsatellite marker also was integrated into the RGAP linkage group (Fig. 2) . These results showed that the dominant resistance gene in Steptoe against P. striiformis f. sp. tritici was on chromosome 4H.
DISCUSSION
Plant disease resistance generally has been categorized as nonhost and host resistance. However, there are plant-microbe interactions that do not fit clearly into either of the two categories. As shown in this study and previous studies (6, 21) , barley cultivars occasionally are susceptible to the wheat stripe rust pathogen, P. striiformis f. sp. tritici. Similarly, wheat cultivars occasionally are susceptible to the barley stripe rust pathogen, P. striiformis f. sp. hordei (6, 29) . In these studies, resistance in barley to P. striiformis f. sp. hordei and resistance in wheat to P. striiformis f. sp. tritici are host resistance because a considerably high percentage of barley and wheat cultivars are susceptible to P. striiformis f. sp. hordei and P. striiformis f. sp. tritici, respectively. In contrast, barley never was damaged in the Pacific West of the United States before early 1990s, whereas devastating epidemics of stripe rust have occurred frequently since the later 1950s (21) . P. striiformis f. sp. tritici and P. striiformis f. sp. hordei clearly were different in molecular relationship and have wheat and barley, respectively, as their most favorable hosts (6).
Because P. striiformis f. sp. tritici occasionally infects barley and P. striiformis f. sp. hordei occasionally infects wheat, resistance in barley to P. striiformis f. sp. tritici and resistance in wheat to P. striiformis f. sp. hordei should not be considered nonhost resistance. Instead, we may consider barley an unfavorable host to P. striiformis f. sp. tritici and wheat an unfavorable host to P. striiformis f. sp. hordei. Resistance in unfavorable hosts has been referred to as resistance to "inappropriate pathogen" (16, 25, 28, 33, 41, 42) .
In contrast to studies on nonhost resistance in fungi, which lead to the conclusion that nonhost resistance is multi-component, genetically complex, and pathogen nonspecific (14), Niks (27) states that the potential to reveal new genes for resistance in hybrids of formae speciales of rust fungi provides evidence of gene-for-gene interactions in the control of nonhost resistance at least to formae speciales of rust fungi. Similar to several previous studies (18, 25, 29, 36, 37) , this study provided genetic evidence for a genefor-gene relationship between formae speciales of rusts and unfavorable host plants.
In previous studies on the interactions between barley and wheat stripe rust, P. striiformis f. sp. tritici, Chen et al. (6) revealed that races PST-3, PST-22, PST-41, and PST-45 of P. striiformis f. sp. tritici are virulent on barley genotype Russell. In this study, Russell was susceptible to races PST-41 and PST-45, whereas Steptoe was resistant. Genetic analysis of the cross Steptoe × Russell indicated the presence of two genes in Steptoe, one dominant and one recessive, conferring resistance to both races. Co-segregating analyses of reactions to races PST-41 and PST-45 best support a model including the same two genes conferring resistance to both races. This is the first report of barley genes for resistance to the "inappropriate" forma specialis P. striiformis f. sp. tritici. We provisionally designate the dominant resistance gene in Steptoe as RpstS1 and the recessive resistance gene rpstS2. Further studies are needed to determine whether other barley genotypes have genes similar to the ones identified in this study or have different genes for resistance to P. striiformis f. sp. tritici.
In this study, the bulk segregant analysis was used to screen potential markers linked to the resistance genes, which resulted in a limited number of markers for the dominant gene. Only 10 resistant and 10 susceptible F 2 plants were used to get the resistant and susceptible bulk, respectively. The small number of plants used in bulking might exclude the plants with only the recessive resistance allele. In separate studies for identifying markers for recessive genes in barley cultivars for resistance to P. striiformis f. sp. hordei, we have identified markers co-segregating with dominant alleles for susceptibility, but have been unsuccessful for finding markers tightly linked to the recessive alleles for resistance (G. P. Yan and X. M. Chen, unpublished data), which let us postulate that the recessive resistance alleles might be deletions at the loci for susceptibility. Nevertheless, more studies are needed to map the recessive gene. This could be achieved by (i) including DNA from more F 2 plants or F 3 lines in the bulks, (ii) constructing another resistant bulk with F 2 plants or F 3 lines with only the recessive resistance allele, and (iii) using only the two parents to identify polymorphic markers and using the whole population to identify linked markers.
The genetics of resistance in barley to P. striiformis f. sp. hordei and the virulence of the pathogen have been studied extensively. In the United States, studies by Chen and Line (3, 5) have resulted in the identification of over 30 Rps genes for resistance to P. striiformis f. sp. hordei. They also reported that the barley-P. striiformis f. sp. hordei pathosystem consists of a large number of recessive genes for resistance. Steptoe does not have a gene conferring resistance to P. striiformis f. sp. hordei because it is susceptible to all races of P. striiformis f. sp. hordei identified so far in the United States (4; X. M. Chen, unpublished data). The number of genes and inheritance mode of the resistance in Steptoe against P. striiformis f. sp. tritici are similar to those in other barley genotypes resistant to the barley stripe rust pathogen, P. striiformis f. sp. hordei (5) .
It has been suggested that fungal specialization developed gradually through co-evolution with gramineous plants, culminating in the establishment of formae speciales (15) . P. striiformis f. sp. hordei and P. striiformis f. sp. tritici have co-existed in Europe for more than a century (12) . The origin of the isolates of P. striiformis f. sp. hordei in the United States is assumed to be in Europe, from which it spread via South America and Mexico (1, 11, 32) . Although the two formae speciales have been identified as clearly separate groups using isozyme and dsRNA analyses (26) , as well as random amplified polymorphic DNA analyses (6), the possibility exists that races of the two formae speciales share many loci for pathogenicity. Furthermore, this study provides evidence that resistance in barley to P. striiformis f. sp. tritici is controlled by a few major genes. Therefore, it is possible to introgress the resistance into wheat for control of wheat stripe rust. This could be achieved through chromosomal manipulation or transformation. However, more studies are needed to develop techniques to introduce barley genes into wheat through chromosomal manipulation. The linkage group established in this study may serve as a starting point toward cloning the barley gene, which may be used to transform susceptible wheat cultivars for developing resistant ones. Even through we identified a marker only 0.7 cM away from the dominant gene, closer markers are needed to clone the resistance gene.
One of the incentives to study resistance in nonhosts and unfavorable hosts is to utilize the types of resistance in favorable hosts because such resistance may be nonspecific and durable. Based on Johnson's (17) definition of durable resistance, resistance of Steptoe to P. striiformis f. sp. tritici could be considered durable because the cultivar has been widely grown in the Pacific West for more than 30 years and the region has had weather conditions for stripe rust epidemics on wheat in at least 3 of every 4 years. However, resistance controlled by a single gene from an alien species may not provide durable resistance when introgressed into a favorable host. The best example is the Yr9 resistance to P. striiformis f. sp. tritici. The gene was originally from rye and introgressed into many wheat cultivars worldwide through chromosomal substitutions and translocations (40) . Today, races or pathotypes of P. striiformis f. sp. tritici that circumvent the Yr9 resistance occur all over the world (9, 38) . As shown in this study, the Steptoe resistance to P. striiformis f. sp. tritici is controlled by two major genes, which may suggest that, like other single genes, these genes may not confer infinitely durable resistance by themselves. Nevertheless, these genes may provide effective resistance to P. striiformis f. sp. tritici when introduced into wheat cultivars.
